Abstract: This study investigated the effects of interspecific and temporal variation of specific leaf area (SLA, cm 2 ·g −1 ) on leaf area index (LAI) estimation for three deciduous broadleaved forests (Gwangneung (GN), Taehwa (TH), and Gariwang (GRW)) in Korea with varying ages and composition of tree species. In fall of 2014, fallen leaves were periodically collected using litter traps and classified by species. LAI was estimated by obtaining SLAs using four calculation methods (A: including both interspecific and temporal variation in SLA; B: species specific mean SLA; C: period-specific mean SLA; and D: overall mean), then multiplying the SLAs by the amount of leaves. SLA varied across different species in all plots, and SLAs of upper canopy species were less than those of lower canopy species. The LAIs calculated using method A, the reference method, were GN 6.09, TH 5.42, and GRW 4.33. LAIs calculated using method B showed a difference of up to 3% from the LAI of method A, but LAIs calculated using methods C and D were overestimated. Therefore, species specific SLA must be considered for precise LAI estimation for broadleaved forests that include multiple species.
Introduction
The total leaf area, where a substantial proportion of metabolic activities of forest ecosystem occur, determines the productivity of a forest [1] [2] [3] [4] . Moreover, leaf area is an important factor in regulating the circulation of carbon, water, and energy between the atmosphere and the biosphere, as it influences the amount of light, wind, and water that flow in and out of the forest ecosystem [5] [6] [7] .
The amount of leaves in a forest ecosystem can be quantified by the leaf area index (LAI), which is defined as the sum of total leaf areas per unit of ground area. However, in the case of broad-leaved trees, it is generally defined as the sum of one side of leaf area per unit of ground area [8] .
LAI can be estimated by direct or indirect methods. The most common direct methods include harvesting all leaves, but this is destructive and unsustainable; allometric equations derived from harvested trees' diameter at breast height (DBH) and tree height, or collecting fallen leaves with litter traps are the most commonly used direct methods [5, [9] [10] [11] [12] [13] [14] . Indirect methods include optical
Materials and Methods

Site Description
Plots of 20 m × 20 m were established in three deciduous broadleaved forests. Two of the forests were representative climax forests of South Korea as a result of artificial conservation for hundreds of years due to royal tombs of the Joseon Dynasty being located in the forests (Gwangneung Arboretum (GN) in the city of Pocheon in Gyeonggi province), and low accessibility (Mt. Gariwangsan (GRW) in the city of Pyeongchang in Gangwon province) ( Table 1 ). The third forest was Mt. Taehwa (TH), Seoul National University's research forest, generated in the 1960s near the city of Gwangju. GN and TH plots were protected from wind due to their location in the mountain hillside, but the GRW plot was exposed to wind due to its location on a mountain top. All three research sites were located near existing flux towers, so meteorological data were available at 30 min intervals. The average temperature of the GRW growing season (16 May-20 November 2014) was 13.0 • C, which was lower than GN 17.7 • C (annual average temperature for 2014 = 11.1 • C) and TH at 18.1 • C (annual average temperature for 2014 = 11.4 • C) for the same period. Total precipitation during the same period was 573.0 mm for GN (annual total precipitation for 2014 = 763.0 mm), 531.1 mm for TH (annual total precipitation for 2014 = 791.5 mm), and 871.57 mm for GRW [19, [28] [29] [30] . Dominant species in the upper canopy of each plot were as follows: Quercus serrata and Carpinus laxiflora in the GN plot; Q. serrata and Quercus aliena in the TH plot; and Fraxinus rhynchopylla, Kalopanax septemlobus, and Sorbus alnifolia in the GRW plot. The basal areas of upper-canopy tree species for GN, TH, and GRW were 90.5%, 83.0%, and 80.8% of total basal area, respectively; and the significance values, estimated by totaling relative density, relative frequency, and relative cover degree, were 47.4%, 54.7%, and 52.0% of their respective totals. 
Leaf-Litter Collection and SLA Measurements
Fallen leaves were collected using five circular litter-traps (60 cm inlet diameter; 60 cm height) installed randomly in each plot. Leaf collection started in early August 2014, and leaves were collected once for the month of August, in which the amount of fallen leaves was small, and at approximately 15-day intervals for September through the end of November. Collection was conducted six times at GRW, which has a shorter growing season than the two other areas, and seven times for GN and TH. Collected leaves were classified by major tree species of each plot, and whether the number of leaves with full shape was low (40 or less). After excluding torn and damaged leaves, a complete enumeration survey was conducted. In cases where the number of leaves was sufficiently high, five or more sample leaves were taken from each trap.
Leaf area was measured using the LIA 32 ver.0.377e program (Kazukiyo Yamamoto, Nagoya University, Japan) after the leaves were recovered to the original shape and size by soaking and spreading them in water. The area measured leaves were dried in a drying oven (VTR-115, Isuzu, Japan) at 65 • C for more than two days, then SLA (cm 2 ·g −1 ) was calculated by dividing leaf area by dry weight. The remaining leaves were dried immediately after classification, and the dry weight of each species was measured.
LAI Estimation
LAI was calculated by dividing the product of SLA (cm 2 ·g −1 ) and dry weight (g) of leaves by the trap area (cm 2 ). Four different LAI values were obtained using different representative SLA values ( Figure 1 ):
• Method A used the species specific SLA and dry weight from each collection date. This is considered as the true or reference LAI since it accounted for species and temporal variations.
•
Method B used the average species specific SLA from all collection dates and the total dry weight of each species, ignoring seasonal variation.
Method C used the average period specific SLA, ignoring interspecific variation, and the total dry weight of each period.
Method D used the average SLA, ignoring temporal and interspecific variation, and the total dry weight of all species.
The maximum LAI of each study area was calculated by summing the LAIs from the four methods. 
Statistical Analysis
Differences in average SLAs for individual species and periods of each study site were tested using analysis of variance (ANOVA). Where a difference was significant, a post hoc test was conducted (Duncan's test). Differences in maximum LAI between method A and method B, C, or D were tested for statistical significance using a paired t-test of five litter traps. All statistical analyses were performed using SPSS Version 22 (IBM Inc., New York, NY, USA, 2012).
Results
Temporal and Interspecific SLA Variation
In all plots, SLAs for individual species, collection dates, and species by collection period showed significant differences ( Table 2) . Table 3 shows species and period specific SLA for GN, TH, and GRW. In GN, SLA increased in the order: Q. serrata, C. laxiflora, Acer pseudosieboldianum, Carpinus cordata, and S. alnifolia, whereas the order in TH was Q. aliena, Q. serrata, Prunus sargentii, and Styrax obassia. In GRW, SLAs increased in the order of K. septemlobus, F. rhynchophylla, S. alnifolia, Acer mono, A. pseudosieboldianum, and C. cordata. In all plots, SLAs of upper canopy species (Q. serrata, C. laxiflora, Q. aliena, P. sargentii, F. rhynchophylla, and K. septemlobus) were lower than those of lower canopy species (C. cordata, A. pseudosieboldianum, and S. obassia). 
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Results
Temporal and Interspecific SLA Variation
In all plots, SLAs for individual species, collection dates, and species by collection period showed significant differences ( Table 2) . Table 3 shows species and period specific SLA for GN, TH, and GRW. In GN, SLA increased in the order: Q. serrata, C. laxiflora, Acer pseudosieboldianum, Carpinus cordata, and S. alnifolia, whereas the order in TH was Q. aliena, Q. serrata, Prunus sargentii, and Styrax obassia. In GRW, SLAs increased in the order of K. septemlobus, F. rhynchophylla, S. alnifolia, Acer mono, A. pseudosieboldianum, and C. cordata. In all plots, SLAs of upper canopy species (Q. serrata, C. laxiflora, Q. aliena, P. sargentii, F. rhynchophylla, and K. septemlobus) were lower than those of lower canopy species (C. cordata, A. pseudosieboldianum, and S. obassia). SLAs were lowest in mid-September, with 161.4 cm 2 ·g −1 and 149.4 cm 2 ·g −1 in GN and TH, respectively, and 182.6 cm 2 ·g −1 in mid-November in GRW. Species that showed temporal SLA variation were Q. serrata, C. cordata, and S. alnifolia in GN, Q. aliena and S. obassia in TH, and all species except A. mono in GRW. In contrast, C. cordata in GN, Q. serrata and P. sargentii in TH, and A. mono in GRW showed no significant temporal variation (p > 0.05). Due to various reactions of SLAs among different species with time, interaction effects between species and collection dates were significant in all plots (Table 2) . SLAs averaged for individual plots, ignoring species and collection dates, were in the following order: TH, 169.3 cm 2 ·g −1 (n = 752); GRW, 201.6 cm 2 ·g −1 (n = 894); and GN, 222.8 cm 2 ·g −1 (n = 917) (p-value < 0.001). (n = 1) (n = 7) (n = 39) (n = 65) (n = 57) (n = 2) (n = 181) (n = 52) (n = 101) (n = 143) (n = 181) (n = 143) (n = 65) (n = 752) (n = 93) (n = 156) (n = 442) (n = 103) (n = 12) (n = 894)
Means ± Standard error were followed by alphabet letters to represent statistically significant differences at p = 0.05 level according to the Duncan test for each study site (upper-case alphabet letters indicate differences among species in the same collect date, lower-case alphabet letters demonstrate differences among collect dates for each species). The numbers in parentheses represent sampling numbers of measured SLA. * indicates no differences between two dates. ** indicates exclusion from statistical analysis due to small sample size. † Styrax japonica, Euonymus sachalinensis, Symplocos chinensis, Styrax obassia; † † Rhododendron mucronulatum, Rhododendron yedoense, Symplocos chinensis; ‡ Acer mandshuricum, Tilia amurensis.
Estimation of LAI Based on Calculation Method
Four LAIs were estimated based on the calculation methods shown in Figure 1 by multiplying SLA from Table 3 with the average weight of leaves in five traps (Figure 2 and Figure A1 ). The maximum LAIs (mean ± SE) for each study site (i.e., the sums of all LAIs calculated for all periods), were in the order: B < A < D < C for GN; B < A < D < C for TH; and A = B < C < D for GRW (Table 4, Figure 3 ). Compared to method A (the reference method), method B showed a slight difference in GN (3%) and TH (2%), but the difference was not statistically significant in GRW (1%) (p > 0.05). The methods that showed the largest difference were method C in GN (25%) and TH (8%), and method D in GRW (9%). On the other hand, the largest spatial difference in the maximum LAI among five litter traps was in the ranges of 4. 
Four LAIs were estimated based on the calculation methods shown in Figure 1 by multiplying SLA from Table 3 with the average weight of leaves in five traps (Figure 2 and Figure A1 ). The maximum LAIs (mean ± SE) for each study site (i.e., the sums of all LAIs calculated for all periods), were in the order: B < A < D < C for GN; B < A < D < C for TH; and A = B < C < D for GRW (Table 4 , Figure 3 ). Compared to method A (the reference method), method B showed a slight difference in GN (3%) and TH (2%), but the difference was not statistically significant in GRW (1%) (p > 0.05). The methods that showed the largest difference were method C in GN (25%) and TH (8%), and method D in GRW (9%). On the other hand, the largest spatial difference in the maximum LAI among five litter traps was in the ranges of 4. Regarding LAIs from method A, the LAI in GN decreased by 5.02 m 2 •m −2 , 82.3% of the total LAI, between day of year (DOY) 289 and DOY 308; and the LAI in TH decreased by 4.11 m 2 •m −2 , 75.8% of the total LAI, between DOY 286 and DOY 315. However, in GRW, the LAI decreased rapidly by 3.06 m 2 •m −2 (70.5%) over a short period between DOY 272 and DOY 287, and showed an earlier start of the deciduous period compared to the other areas. Regarding LAI by period, calculated by method C, all three areas showed larger estimates compared to method A, with the exception of the LAI of DOY 324 in GRW (0.064 m 2 •m −2 from method A and 0.056 m 2 •m −2 from method C). Regarding the difference between estimates based on method A and method C on the day of the greatest number of fallen leaves in each plot of (GN, DOY 321; TH, DOY 315; and GRW, DOY 287), GN showed the highest difference (50.1%), followed by TH (9.0%) and GRW (5.5%).
Discussion
Temporal and Interspecific Variation of SLA
SLA, leaf area per unit mass, is one of speices specific characteristics but it shows spatial variation depending on vertical positions of trees within a stand and even depending on the location of a leaf within a canopy for the same tree [23, 31] . This study also showed clear differences in SLA across different species due to individual species characteristics (Table 3) , and SLA was smaller for The maximum LAI calculated by method A showed that Q. serrata (2.97 m 2 ·m −2 ) and C. laxiflora (1.85 m 2 ·m −2 ), which are upper canopy species accounting for 90.3% of basal area in GN, accounted for 48.7% and 30.4% of the total LAIs, respectively. In TH, the LAI of the dominant species, Q. serrata, was 3.17 m 2 ·m −2 , accounting for 58.4% of the total, and LAIs of P. sargentii and Q. aliena were 0.68 m 2 ·m −2 (12.5%) and 0.43 m 2 ·m −2 (7.9%), respectively. In GRW, LAIs of upper canopy species were F. rhynchophylla 2.20 m 2 ·m −2 (50.7%), S. alnifolia 0.44 m 2 ·m −2 (10.1%), and K. septemlobus 0.10 m 2 ·m −2 (2.4%), and the LAI of other lower canopy species was 1.59 m 2 ·m −2 (36.7%). On the other hand, LAIs calculated for individual species using method B were : In GN, LAIs of Q. serrata (2.82 m 2 ·m −2 ) and C. laxiflora (1.82 m 2 ·m −2 ) were smaller than LAIs from method A by 5.2% and 1.8%, respectively; LAIs of C. cordata (0.24 m 2 ·m −2 ), A. pseudosieboldianum (0.21 m 2 ·m −2 ), and S. alnifolia (0.06 m 2 ·m −2 ) were larger than LAIs from method A by 1.0%, 7.8%, and 2.0%, respectively. In TH, the LAI of Q. aliena from method B was larger than that from method A (0.433 m 2 ·m −2 ) by 2.9%, but all other species showed smaller LAIs from method B than on method A. In contrast, in GRW, LAIs of all species were larger from method B than method A by up to 9.4%, such as F. rhynchophylla (2.268 m 2 ·m −2 ), K. septemlobus (0.115 m 2 ·m −2 ), S. alnifolia (0.454 m 2 ·m −2 ), C. cordata (0.448 m 2 ·m −2 ), and A. mono (0.310 m 2 ·m −2 ).
Regarding LAIs from method A, the LAI in GN decreased by 5.02 m 2 ·m −2 , 82.3% of the total LAI, between day of year (DOY) 289 and DOY 308; and the LAI in TH decreased by 4.11 m 2 ·m −2 , 75.8% of the total LAI, between DOY 286 and DOY 315. However, in GRW, the LAI decreased rapidly by 3.06 m 2 ·m −2 (70.5%) over a short period between DOY 272 and DOY 287, and showed an earlier start of the deciduous period compared to the other areas. Regarding LAI by period, calculated by method C, all three areas showed larger estimates compared to method A, with the exception of the LAI of DOY 324 in GRW (0.064 m 2 ·m −2 from method A and 0.056 m 2 ·m −2 from method C). Regarding the difference between estimates based on method A and method C on the day of the greatest number of fallen leaves in each plot of (GN, DOY 321; TH, DOY 315; and GRW, DOY 287), GN showed the highest difference (50.1%), followed by TH (9.0%) and GRW (5.5%).
Discussion
Temporal and Interspecific Variation of SLA
SLA, leaf area per unit mass, is one of speices specific characteristics but it shows spatial variation depending on vertical positions of trees within a stand and even depending on the location of a leaf within a canopy for the same tree [23, 31] . This study also showed clear differences in SLA across different species due to individual species characteristics (Table 3) , and SLA was smaller for upper than lower canopy species in all plots. This is caused by the strong negative correlation between SLA and the amount of light, and is consistent with the results of shading experiments for seedlings or understory trees showing high SLAs [32] [33] [34] [35] [36] . In particular, the present study showed that S. alnifolias, which grew in the lower canopy in GN and the upper canopy in GRW, showed 55.7% difference in SLA (GN 297.7 cm −2 ·g −1 ; and GRW 191.2 cm −2 ·g −1 ).
To determine SLA variation within the canopy, the coefficients of variation (CVs) for SLA of the upper and lower canopy species were compared. Upper canopy CVs are large within a canopy due to having a larger canopy compared to lower canopy species, in the range of 26%-46%, with mean = 34.8%, whereas the lower canopy species, which have shade-tolerant leaves that drop rapidly at the end of the deciduous period, had lower CVs with mean = 23.5%.
While SLA varied according to species and vertical positions, it showed no specific temporal patterns. In terms of temperate broadleaved forests in general, SLA gradually increased from September as leaves start withering due to suspension of physiological activities and retranslocation of nutrients from leaves to stems [37, 38] . However, just as leaf unfolding can be either determinant or indeterminant depending on species, leaves can drop either from the center toward the outer crown (inner-type), or from the outer crown toward the center (outer-type) depending on tree species [39, 40] . Accordingly, depending on species, shade leaves may drop first (inner type) or sun leaves drop first (outer type) [38, 41] . In addition, differences in the degree of nutrient retranslocation and variations in meteorological factors, such as wind and precipitation, are likely to have physical effects on the canopy and contribute to large SLA variation across periods. SLA of the early September collection, which collected the leaves dropped throughout the month of August, was higher than the SLA of the mid-September collection. This reflects that the early-September collection included the leaves dropped for a whole month due to slower leaf falling process, compared to the mid-September collection, which only included leaves from a 15 day period. Hence, the former was in decomposition within the trap before retrieval due to leaching by frequent rain and high temperature and humidity in August [42] .
Among the three stands with different ages and successional stages, the overall mean SLA was lowest in the youngest (TH). GN and GRW, which were more progressed in stand development, had more differentiated vertical canopy structures, which produced greater species and understory vegetation diversity, showing three major lower canopy species with high SLA in each stand.
In contrast, the young matured stands (TH) showed lower mean SLA, because S. obassia was the only major lower canopy species in the stand due to a lack of vertical development resulting from competition among various canopy species (i.e., because a variety of canopy species with low SLA existed). Other species in GN and GRW were shade tolerant, including Symplocos chinensis, Styrax japonica, and Tilia amurensis, in contrast to TH, which had thick-leaved species, including Rhododendron mucronulatum and Rhododendron schlippenbachii. Consequently, SLA of other species was in the order: GN 262.1 cm 2 ·g −1 , GRW 186.7 cm 2 ·g −1 , and TH 175.2 cm 2 ·g −1 . This suggests that differences in stand composition as a result of their respective succession stages produced differences in overall SLA. In addition, the increased complexity of canopy structure with stand development could enhance the uncertainties of indirect methods due to the increased LAI and leaf clumping.
LAI Estimation Based on Four Calculation Methods
Considering SLA variation is important when estimating LAI using fallen leaves, because SLA varies across different time periods and tree species. Bouriaud et al. [9] studied the effects of SLA variation according to soil availability and collection dates in a pure Beech stand, and found that the SLA variation depending on plots caused an 8%-24% variation in LAI. Kalacska et al. [43] compared LAIs estimated by actual classification (method A in this study) and bootstrap estimation for various ways of averaging SLAs of 63 species, and found that LAIs were overestimated when different species were averaged, regardless of the number of species averaged. On that basis, they recommended considering SLAs of each species. Accordingly, LAI estimated using method A in the present study, which considered SLA of individual species and periods in calculation of LAI, is likely to be the most reliable method. However, consideration of interspecific and temporal variations could be limited, particularly in spatially and/or temporally large studies, due to time and labor consumption.
The LAI of method A was most similar to that of method B. Method B considered only interspecific SLA variation, and reduced LAI prediction error more than the other two methods, because SLAs showed no particular temporal variation pattern (Table 3) . Conversely, when using Method C, which estimated overall period-specific SLA without considering the proportion of leaves by species, SLAs of species with lesser amounts of leaves (40 or less) were given the same weight in calculation as those of species with greater amounts of leaves. Hence, low height species with lesser amounts of leaves and higher SLAs had larger effects on the overall mean SLA than was representative, resulting in LAI overestimation. For example, on DOY 321 in GN, the difference in LAI between method A (2.48 m 2 ·m −2 ) and C (3.72 m 2 ·m −2 ) was maximum (50.1%). The overestimation from method C occurred because the amount of Q. serrata leaves on the day was high (70.6% of the total) so the mean SLA from method C was higher (255.7 cm 2 ·g −1 ) than that of Q. serrata (147.3 cm 2 ·g −1 ) used in method A.
The errors from methods C and D were greater in GN than in TH and GRW because GN has more varieties of lower canopy species with a smaller proportion of leaves but higher SLA due to vertical canopy development, as discussed above. Vertical canopy development also caused increase of LAI spatial variation (Figure 3) . In contrast, GRW showed the lowest CVs of species specific importance, 36.7% (GN, 50.2%; TH, 65.9%) due to even species distribution, despite GRW having a larger LAI spatial variation than TH due to vertical canopy development. Consequently, the importance of species specific SLA decreased, and the error from method C and D was similar to TH, which showed low spatial LAI variation and small SLA due to a lack of lower canopy species varieties.
To avoid the effort of calculating SLA for each species in spatially and temporally large scale studies, we tried LAI estimation by obtaining only the SLA of upper canopy species and multiplying it by the total dry weight. In GN, the average SLA of Q. serrata and C. laxiflora was 197.33 cm 2 ·g −1 , generating LAI of 6.36 m 2 ·m −2 ; in TH, the average SLA of Q. serrata, Q. aliena, and P. sargentii was 159.6 cm 2 ·g −1 , generating LAI of 5.417 m 2 ·m −2 ; and in GRW, the average SLA of F. rhynchophylla, K. septemlobus, and S. alnifolia was 175.13 cm 2 ·g −1 , generating LAI of 4.11 m 2 ·m −2 . Differences between these LAIs and method A were (GN) 4.2%, (TH) 0.1%, and (GRW) 5.3%, which are similar to method B errors, suggesting that significant error reduction can be achieved by only considering SLAs of upper canopy species.
Conclusions
This study measured SLA of fallen leaves by tree species and collection dates in deciduous broadleaved forests of GN, TH, and GRW, and compared four LAI calculation methods. SLAs of individual species tended to be less for upper than lower canopy species, but neither upper nor lower canopy species showed specific temporal variation patterns. Among the four LAI calculation methods considered, method A (the reference method, which considers interspecific and temporal variation) and Method B (which used average SLA of each species) generated the most similar estimates, which clearly demonstrates the importance of interspecific variation in SLA. In particular, the importance was greater when the vertical development of canopy and presence of diverse lower-canopy vegetation increased as the stand ages. In contrast, in the stands of evenly distributed species (GRW) or less vertical differentiation (TH), the influence of interspecific SLA was lower. In other words, regarding LAI estimation, although Method A is most accurate, it is preferable to use the mean of each species as in Method B, or at least the mean SLA of dominant species over less accurate methods, unless the goal is to estimate the LAI reduction pattern. Therefore, it is likely to be feasible to estimate species-specific SLA by retrieval at two-week intervals or more frequently to prevent the decomposition of leaves prior to retrieving, drying, and storing them, and taking samples from the collected leaves. Figure A1 . Diagram of the SLA calculation methods for TH and GRW site (A: species-and collection date-specific SLA; B: species mean SLA with no consideration of seasonal variation; C: date-specific mean SLA neglecting species variation; and D: coarse, ignoring temporal and interspecific variation).
